Abstract It has been approximately 50 years since neurologists were introduced to the entities, ''progressive supranuclear palsy'' and ''corticobasal degeneration''. Since the two seminal publications, there have been significant advancements in our understanding of these two neurodegenerative diseases, particularly the fact that both are associated with tau. Recent advances over the past 3 years that are notable to the field are discussed in this review that covers clinical diagnosis, pathological features, neuroimaging and CSF biomarkers, genetic associations and clinical trials related to progressive supranuclear palsy and corticobasal degeneration.
Introduction
Progressive supranuclear palsy (PSP) and corticobasal degeneration (CBD) are neurodegenerative diseases first described almost half a century ago [1, 2] that are both characterized by the deposition of tau, a microtubuleassociated protein, in an altered aberrant form. Significant advancements have been made over the past half-century for both PSP and CBD. In fact, clinical trials have already been completed in PSP. This review covers the most important advancements over the past 3 years in the areas of clinical diagnosis, pathological features, neuroimaging and cerebrospinal fluid (CSF) biomarkers, genetic associations and clinical trials.
Clinical diagnosis
Clinical criteria for PSP have been previously established by the National Institute of Neurological Disease and Stroke and the Society for Progressive Supranuclear Palsy (NINDS-SPSP) [3] . The NINDS-SPSP criteria separate PSP into two diagnostic categories: possible PSP which has high sensitivity and average specificity, and probable PSP which has high specificity and average sensitivity for PSP pathology. More recently, another criterion, the Neuroprotection and Natural History in Parkinson Plus Syndromes (NNIPPS) criteria was published [4] . A recent study compared the NINDS-SPSP criteria to the NNIPPS criteria [5] . The authors concluded that NINDS-SPSP probable criteria should be reserved for clinical trials where specificity is of the utmost importance, whereas a combination of the NINDS possible and probable criteria is best for making diagnosis in routine clinical practice.
Another area worth mentioning is that of clinical syndromes associated with PSP ( Fig. 1) . It has been known for over a decade now that the pathological findings of PSP, with the characteristic tau deposition, can be associated with many different clinical syndromes. In a recent study of 100 pathologically confirmed cases of PSP, the authors found that less than a quarter had the expected typical presentation of PSP [6] . Surprising many had presenting clinical features that did not fit the proposed clinical criteria for PSP [3] . One such clinical presentation that has garnished a lot of attention is that of apraxia of speech. It has been shown that patients who present with an isolated motor speech disorder and classified as having a primary progressive apraxia of speech (PPAOS) [7] later develop other motor features suggestive of PSP [8] . In fact, PSP pathology has been identified in such patients, and hence PPAOS could be an important clinical biomarker of abnormal tau. This is even more important since patients with PPAOS have relatively little functional impairment at the time of presentation, while a recent study has demonstrated that functional disability is high early on in patients with the typical presentation associated with PSP pathology [9] .
Like PSP, CBD is characterised by abnormal tau deposition. Corticobasal degeneration tau is morphologically and biochemically distinct from PSP tau. Unlike PSP where a diagnosis of PSP is highly predictive of the underlying pathology, no one clinical syndrome is highly predictive of CBD. Recently, an international consortium was assembled to develop criteria for CBD. The results were a publication with two sets of criteria that mirrored the criteria for PSP. That is, a probable CBD criteria for research purposes and a possible criteria with the intent to be more inclusive to capture other tau-based pathologies such as PSP [10] . Unfortunately, one study assessing the validity of the CBD criteria for research concluded that the new probable criteria was not specific as many of patients in their study met criteria for possible or probable CBD, yet did not have CBD pathology [11] . A second study also demonstrated that the clinical criteria for possible CBD were not very sensitive within the first 2 years of disease onset [12] .
Pathological features
Pathological features of PSP and CBD have been well defined for over a decade. Both diseases are characterised by abnormal tau deposition that affects neurons and glial cells, including astrocytes and oligodendroglia cells. Little is understood, however, regarding astrocytic phenotype which differs between PSP (tufted astrocyte) and CBD (astrocytic plaques). Recently, however, it has been demonstrated that astrocytic differences mirror neuronal differences and depend on many factors such as the primary amino acid sequence of the tau, which specific sites are abnormally phosphorylated, and other post-translational modifications, as well as modifications to the cytoskeleton of the astrocytes [13] .
Another recent study has demonstrated that there are tau oligomers in PSP that are an important component of the pathology that defines PSP. In fact, the authors demonstrated that oligomers were able to seed other oligomers and concluded that it is the oligomers, and not the neuronal and glial pathology, that are responsible for the progressive nature of PSP [14] . In keeping with the phenomenon of cell-to-cell transmission, another group of investigators injected brain extracts from humans who had died with PSP into different brain regions of mice and were able to produce the characteristic lesions of PSP [15] . These findings suggest that once tau aggregates are formed in Of note, PSP-AOS is sometimes incorrectly referred to as PSP-PNFA for non-fluent aphasia specific brain regions in PSP they then become self-propagating and can spread in a prionoid manner.
Neuroimaging and CSF biomarkers
One of the most important developments in the neurodegenerative field is the search for biomarkers that can predict underlying pathology; specifically the protein that defines the pathology. For PSP and CBD, that protein is tau. As discussed above, no one clinical syndrome is predictive of PSP or CBD pathology and hence tau deposition. Two areas of significance related to biomarker development are neuroimaging techniques and CSF biomarkers.
Neuroimaging techniques, particularly the assessment of structural MRI, have been applied to the study of PSP and CBD for almost a decade. However, with the advent of newer techniques, the field has seen a blossoming of neuroimaging studies on PSP and CBD. Two such techniques that have received recent attention are the use of tractbased spatial statistics to analyze diffusion tensor imaging data, and resting-state or task-free functional MRI. The former allows the assessment of the integrity of white matter tracts, while the later allows the assessment of functional connectivity across the brain. Studies comparing patients with typical PSP to controls observed white matter tract degeneration in the superior cerebellar peduncles that connect the cerebellum and thalamus, as well as in the superior longitudinal fasciculus [16] . Two others studies have assessed white matter tract degeneration in PSP compared to other neurodegenerative diseases, including Parkinson's disease and multiple system atrophy [17] , and corticobasal syndrome [18] . Both studies found differences in white matter tract degeneration between these different neurodegenerative syndromes. Unfortunately, all studies are lacking pathological confirmation and hence, while important, will need to be replicated in pathologically confirmed cohorts. Similar to diffusion tensor imaging studies, two studies have assessed network connectivity in clinically diagnosed patients with typical PSP [16, 19] . These studies utilized somewhat different analysis methods, yet the findings were basically identical showing disruption of network connectivity between the cerebellum, midbrain, thalamus and premotor cortex.
In addition to studies utilizing these new techniques, two recent studies have also used structural MRI to investigate midbrain atrophy as a potential biomarker of pathologically confirmed PSP. In one study, the authors concluded that the midbrain to pons ratio was a reliable measurement with high sensitivity and specificity to PSP [20] . Unfortunately, only subjects with the typical PSP syndrome were included in that study. No subjects with any of the other atypical clinical variants discussed above were included. In another study, the authors did include cases of PSP that had presented with one of the atypical clinical diagnoses [21] . They also found that midbrain atrophy was sensitive and specific to PSP when the clinical presentation was typical. However, midbrain atrophy was not a useful biomarker of pathology in patients presenting with one of the atypical clinical syndromes, hence midbrain atrophy appears to correlate to the typical PSP syndrome, and not PSP pathology.
Three studies have assessed longitudinal changes in PSP on MRI over time. The first study demonstrated that changes over time in grey and white matter can be detected in PSP and showed that changes over time correlated with the PSP rating scale; hence validating the PSP rating scale as a useful measure of disease progression over time [22] . A second study showed that changes over time can be useful to differentiate patients with typical PSP from multiple system atrophy [23] ; although again autopsy was lacking. The third study modelled changes over time in multiple grey matter regions in typical PSP and demonstrated that rates of regional atrophy in PSP exceeded those of controls and correlated with the observed clinical changes that occur over time in PSP [24] . In most brain regions rates of change were linear, although in some regions they were non-linear.
In addition to MRI techniques, there have been four recent studies that have assessed metabolic changes on 18F-fluorodeoxyglucose positron emission tomography (FDG-PET) in PSP and CBD. Of these four studies, one included autopsy confirmed PSP [25] and another autopsy confirmed CBD [25, 26] . One study identified a focal area of midbrain hypometabolism in patients with typical PSP, referred to as the pimple sign of PSP that corresponds to midbrain atrophy on MRI [27] . This sign could be a useful diagnostic marker for typical PSP, although it may not be a useful biomarker of PSP for atypical PSP syndromes. This midbrain area was found to also be affected, in addition to the caudate, thalamus and supplementary motor area in typical PSP in another study with autopsy confirmation [25] (Fig. 2) . In patients with autopsy confirmed CBD from two studies, the parietal lobe was affected [25, 26] (Fig. 2) ; an area that was not seen to be affected in PSP [25] . Hence, parietal hypometabolism may be a biomarker of CBD pathology. The fourth study demonstrated that hypometabolism of the prefrontal cortex, subthalamic nucleus and pedunculopontine/cuneiform nuclear complex correlated with gait dysfunction in PSP [28] , suggesting that these areas may be responsible for the gait and balance problems that haunts patients with PSP.
Another area that is ripe for biomarker development is CSF analysis. One recent study compared CSF beta-amyloid, total tau, phosphorylated tau and C and N terminal tau fragments in PSP, Alzheimer's disease and normal controls [29] . The authors found that the most useful CSF marker that differentiated PSP from Alzheimer's diseases was the C and N terminal fragments. Hence, C and N terminal fragments of tau have the potential to be good biomarkers of PSP pathology and now needs to be replicated in a pathologically confirmed cohort.
Genetic associations
Progressive supranuclear palsy and CBD have never been strongly considered as diseases that are due to genetic abnormalities. There has been, however, some evidence that there may be some genetic influences. In a large genomewide association study of autopsy confirmed PSP, three risk loci that implicate three genes, STX6, EIF2AK3 and MOBP, were identified as being associated with PSP [30] . Additionally, two independent variants in the MAPT gene were identified [30] . The genes identified are of interest as these genes are felt to be involved with proteins that function at the fusion sites between the endosome and the Golgi complexes. In a follow-up study from a different group of investigators that assessed for coding changes, given that genetic associations are often in linkage disequilibrium with the causative polymorphism, none were identified [31] .
There have also been two reports of genetic abnormalities identified in patients with pathologically confirmed CBD. In one, the authors identified mutations in the MRS2 and ZHX2 genes in two cousins with CBD [32] , while in the other study a novel mutation in the MAPT gene on exon 13, p.N410H was identified [33] . In addition, there was one report of a mutation in the MAPT gene, the A152T mutation, that was associated with a variant of PSP, known as the pallido-nigro-luysial degeneration variant of PSP [34] . All these cases may, however, represent rare associations, as no other genetic abnormalities have been identified in PSP or CBD. Hence, at present, especially given the rarity of a significant family history in PSP and CBD, both diseases should be considered sporadic until proven otherwise.
Clinical trials
One of the most important advances has been the completion of clinical trials in PSP. In 2013, the first clinical trial of a therapy targeting tau was reported in PSP [35] . Tideglusib, a glycogen synthase kinase 3 inhibitor, was assessed in a double blind placebo controlled randomized trial that assessed efficacy, safety and tolerability. One hundred and forty-six PSP patients received one of two doses, or a placebo, over 52 weeks. The primary endpoint was change in the PSP rating scale. Tideglusib was found to be safe and generally well tolerated but did not show any clinical efficacy. A second trial targeting tau was reported in 2014 [36] . Davunetide (AL-108, NAP), a drug that affects microtubule stability, was assessed in a double blind placebo controlled randomized trial that assessed safety and efficacy. Three hundred and thirteen PSP patients received either davunetide or placebo. The primary endpoints were change from baseline in the PSP rating scale and the England Activities of Daily Living scale. Davunetide was found to be safe and generally well tolerated but did not show any clinical efficacy. Two recent studies have assessed rates of decline in PSP as a means to determine sample size estimates for future clinical trials. The first study determined sample size estimates over 6 and 12 months using both clinical and imaging metrics [37] . The smallest sample size estimates for treatment trials over 6 months was observed using rate of midbrain atrophy, followed by whole brain atrophy and ventricular expansion. Estimates were lower over a 12-month interval and estimates were better than those obtained with clinical metrics, including the PSP rating scale. The second study focused on assessing decline in clinical measures over 12 months [38] . The smallest sample size estimates were observed using the PSP rating scale oculomotor score, followed by the Mini-Mental State Examination, and then the Unified Parkinson's disease rating scale total activities of daily living score. Hence, overall, sample size estimates are feasible for clinical trials using both clinical and imaging metrics, although the latter appears to be superior.
Final reflections
There have been great advancements in our understanding of PSP and CBD. We have come a far way in 50 years from the original description of two diseases, to the undertaking of clinical trials focusing on hyperphosphorylated tau, which is felt to be at the core of the neurodegenerative process in both diseases. With that said however, there is still a lot to be done. Imaging PET ligands directed at tau are now available [39, 40] . However, there are no published reports of these tau biomarkers in PSP or CBD patients. If these ligands in fact are specific to tau, they would likely become one of the main outcome measures in clinical trials, although showing a reduction in tau may not be essential to prove efficacy of a drug. Regardless, a tau ligand would be a preferred method over CSF analysis given the non-invasive nature. Future genetic studies are also needed to better understand whether genetics plays any role in these two diseases. Additional treatment trials are also needed but should be based on our understanding of the pathogenesis of these diseases and not just a trial of medicines that exist for other neurodegenerative diseases without any mechanistic basis. While targeting hyperphosphorylated tau is reasonable, it is still unclear why tau becomes hyperphosphorylated and whether the problem is upstream to tau hyperphosphorylation. Recent evidence suggests cell-to-cell transmission of tau in a prionoid-like fashion and hence novel approaches taking this into account could also be fruitful. Additionally, more research is needed on the atypical presentations of PSP, since they are no less important than the typical presentations of PSP. In fact, some might argue that some of the atypical presentations result in less functional impairment at onset, for example PSP-AOS, and hence it might be easier to detect drug related change and hence efficacy in some of the atypical syndromes.
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